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Cryptococcus neoformans is an environmental fungal pathogen that 
disseminates to the brains of immunocompromised individuals causing a fatal 
meningeal disease. Of the major virulence factors studied, the polysaccharide 
capsule that extends radially from the cell wall, and the pigment melanin 
deposited between the cell-wall and cell-membrane of C. neoformans are amongst 
the most important. 
Historically, isopycnic equilibrium sedimentation has been used for the 
separation of different kinds of cells and for the isolation of subcellular 
components. We believe that the buoyant cell density of a microbial cell is an 
important physical characteristic that may affect its transportability in fluids and 
interactions with tissues during infection We report on the variance of buoyant 
cell density in strains belonging to C. neoformans and C. gattii species 
complexes. Our results suggest that the polysaccharide capsule contributes to 
lowering the yeast’s cell density. The low buoyant density of C. neoformans due 
to capsule induction conceivably allows the fungi to float in aquatic reservoirs and 
could facilitate environmental dispersal. Furthermore, the binding of certain 
capsular antibodies and melanization also mildly affect the buoyant density of the 
cells could contribute to altering the dissemination of the fungal pathogen.  
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Melanin is another important virulence factor in many pathogenic fungi, 
including C. neoformans. Furthermore, extracellular vesicles are often seen as 
virulence bags that carry proteins and enzymes that are important for C. 
neoformans pathogenesis. In this study we report the discovery of secreted 
"melanin granules" that are similar in size to extracellular vesicles (50-80 nm) and 
yet can be separated from vesicles by density gradient (isopycnic) 
ultracentrifugation. Cell-wall associated melanin isolated from C. neoformans, 
called “melanin ghosts”, is comprised of granular structures stacked in concentric 
layers. Chemical and mechanical disruption of “melanin ghosts” results in 
melanin nanoparticles that are also granular and have a similar size distribution to 
that of melanin granules isolated from the supernatant of melanized cultures. This 
has lead us to hypothesize that the secreted melanin granules are the fundamental 
unit of fungal melanin found on the cell-wall of the yeast. Studying the proteins 
and lipids associated with the secreted melanin granules could provide us insights 
into fungal melanogenesis and lead to novel therapeutic targets to control C. 
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Chapter 1: Isolation and characterization of melanin 




In the presence of catecholamine compounds, including L-DOPA found in 
the human brain, the fungi form a dark pigment called melanin that is deposited 
between the cell membrane and cell wall. This melanin coat is an important 
fungal virulence factor that is implicated in fungal defense mechanisms including 
resistance to host defense ROS, protection against antibody mediated 
phagocytosis and antifungal drugs. Although the contribution of C. neoformans 
melanin to virulence has been well studied, the structure and biogenesis of 
cryptococcal melanin remains elusive. Melanogenesis is believed to occur in 
intracellular spherical vesicular bodies called melanosomes and in fungi, the 
melanin coat is formed by a network of spherical nanoparticles organized into 
concentric layers that are stacked on top of another.  In this study, we isolated and 
characterized melanin granules (50-80 nm) that were secreted by C. neoformans 
during melanization. We hypothesize that these nanoparticles are the fundamental 
units forming the melanin coat. We compared the biophysical characteristics of 
these secreted melanin granules and the cell wall-associated melanin. Melanin 
granules have the broadband optical absorption curve that is typical of melanin 
and aggregate in the presence of monovalent and divalent cations in a 
concentration dependent manner. Extensive sonication or acid hydrolysis of cell 
wall-associated melanin yield particles of similar size to the secreted melanin 
granules. Our data are consistent with the notion that secreted melanin granules 
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represent the fundamental structural unit of the C. neoformans melanin coat, 
which are released to the supernatant during the process of melanization. Future 
studies on these secreted melanin granules (i.e. lipid and protein composition) will 
provide valuable insights into the biogenesis and structure of fungal melanin, as 
well as, the potential role of melanin granules during infection.   
INTRODUCTION  
Melanins are dark polymeric pigments found in many species across the 
microbial and animal worlds serving multiple biological functions. This 
biopolymer is acid-resistant, exhibits a monotonic broadband optical absorption 
curve, is enriched in free radicals and exhibits ionic/electronic conductive 
properties (1). Thus, melanin finds wide-ranging applications in bioremediation, 
radioprotection, and formation of batteries and semiconductors (1, 2). To exploit 
the unique properties and find applications of microbial melanin, it is important to 
understand the biophysical characteristics of melanin and the process of its 
biogenesis.  
Melanin is also an important virulence factor in many fungal pathogens, 
including Aspergillus fumigatus, Cryptococcus neoformans, E. dermatiditis, and 
S. prolificans. The pigment protects fungal pathogens against 
both abiotic stressors, such as physical (ionizing radiation), chemical (toxic 
metals, ROS), and mechanical (osmotic shock) assaults, and biotic environmental 
stressors (1).  
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The environmental yeast C. neoformans is most commonly found in 
pigeon guano and trees and has a wide range of natural hosts spanning the 
amoeba, birds and humans. C. neoformans is an important human pathogen that 
can cause pulmonary infections. In immunocompromised hosts, C. neoformans 
can disseminate from the lungs to the brain where it causes fatal meningeal 
disease leading to 181,100 deaths a year (3). 
 
 
Figure 1.1: Melanin deposited on the C. neoformans cell wall. A. TEM section 
of a melanized C. neoformans “melanin ghosts” showing the deposition of 
melanin in concentric circles between the cell wall and cell membrane (Image 
taken from (4)). B. Proposed mechanism for deposition of melanin on the cell 
wall of C. neoformans. Vesicles emerging from the golgi (blue) and containing 
the enzyme laccase (blue with red) get transported through the cell membrane 
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(black bilipid layer) to the cell wall (grey lines). In the presence of melanin 
precursors (L-DOPA) these vesicles get melanized to form melanin granules and 
get anchored on to the cell wall. The capsule polysaccharide (green structure) 
emerge from the cell wall. C. On the cell wall granular structures are observed 
which may be secreted as melanin granules that may be associated to lipids, 
proteins, mannans and chitins that help anchor them to cell wall (modified model 
of fungal melanogenesis in C. neoformans taken from (5)) 
 
Melanin is an essential virulence factor and isolated melanin is sufficient 
to activate complement and induce inflammatory response in murine models (6). 
In C. neoformans, the polyphenol oxidase laccase catalyzes the one-step oxidation 
of precursor molecules (such as L-DOPA) that polymerize to form local ordered 
structures characterized by stacked indole groups like graphite. This is followed 
by the polymerization of the reactive intermediates that form disordered 
macromolecular arrangements that can culminate into spherical nanoparticles. In 
C. neoformans, melanin is deposited as concentric layers (Figure 1.1A) between 
the cell wall and the cell membrane. Since melanin  is chemically strong, the cell-
wall associated melanin can be isolated by removing the protein, lipid and nucleic 
acid components of the cell, followed by acid-hydrolysis, resulting in structures 
called melanin “ghosts” (Figure 1.1A) (7). Solid-state NMR studies of melanin 
ghosts from C. neoformans have revealed the association of many lipids, proteins 
and carbohydrates with melanin (8). An X-ray diffraction study showed that 
melanin associated with the cell wall of C. neoformans is composed of stacked 
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planar structures (like graphite) stabilized by π-π interactions (9). EM (Electron 
Microscopy) studies have revealed the microstructure of cell wall-associated 
melanin where spherical nanostructures ranging from 40-100 nm were observed 
on the surface of “melanin ghosts” (4). This observation had led to the hypothesis 
that melanogenesis occurs in vesicular structures (5), which was substantiated by 
the discovery that extracellular vesicles from C. neoformans can be melanized 
(10). Additionally, vesicles containing laccase, often localize near the cell wall of 
C. neoformans during infection, close to the site of melanin deposition (11). 
Furthermore, it is hypothesized that the oxidation of L-DOPA takes place inside 
vesicles to prevent intracellular toxicity due to free radical generation.  
Recently, as part of an ongoing study, we have discovered melanin 
nanoparticles secreted by C. neoformans in medium containing L-DOPA.  
Biophysical characterization show that these melanin nanoparticles exhibit 
hydrodynamic sizes ranging from 40 to 70 nm in diameter and aggregate at high 
iconic strengths and hydrogen potential. We propose that these granular structures 
are the unit of the fungal melanin coat that is deposited on the cell wall. We show 
that prolonged acid hydrolysis and sonication of C. neoformans melanin ghosts 
produces particles that are similar in size, suggesting that the secreted melanin 
granules are the unit of C. neoformans melanin. Interestingly, C. neoformans 
mutants that lack enzymes involved in the formation of cell wall components, 
including chitosan synthase knockout mutants (12, 13) have a unique “leaky” 
 7 
phenotype and are hypothesized to secrete melanin granules or laccase. Further 
investigation into the melanin granules from “leaky” mutants will allow us to 
characterize the cell biology of melanin formation in C. neoformans. This may 
lead to drugs that target melanin formation and control infection.  
 
RESULTS 
Isolation of secreted vesicles and melanin granules  
A protocol for isolating extracellular vesicles was used to obtain vesicles, melanin 
granules from C. neoformans H99 strain grown in minimal medium with and 
without L-DOPA (Figure 1.2A, C), Laccase 1,2 knockout mutant with H99 
background (Lac1,2 ) in minimal medium (Figure 1.2B) with L-DOPA. We 
observed vesicles ranging from 100-300 nm in H99 (+/- L-DOPA) and Lac1,2 
using dynamic light scattering (DLS) (Figure 1.2A-C, i). Transmission electron 
microscopy (TEM) with negative staining showed the presence of electron dense 
aggregated granular structures that we call ‘melanin granules’ (Figure 1.2A, ii). 
Since L-DOPA auto-polymerizes, we also collected the L-DOPA aggregates from 
MM with L-DOPA and observed the presence of 70-100 nm (Figure 1.2D, i) 
aggregates of L-DOPA via DLS, however, under TEM we observed the presence 
of irregular and non-spherical aggregates that did not resemble melanin granules 
(Figure 1.2D, ii). Melanin has the unique ability to absorb almost every 
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wavelength of light, which results in a monotonic broadband absorption curve, 
and this curve is observed for the vesicles and melanin granule collected from 
H99 grown in MM with L-DOPA, but not for H99 grown in MM lacking L-
DOPA (Figure 1.3). DLS also allows us to compute the dispersity index, a 
measure of the dispersion (or spread) of the estimated molar mass of colloidal 
particles in a solution  (15, 16). We observed that the melanin granules had 
uniform dispersity as indicated by the low value, while the L-DOPA aggregates 
had non-uniform dispersity (Table 1.1). This indicates that the two colloidal 
solutions have distinct characteristics, suggesting that the melanin granules 
isolated from C. neoformans are biologically synthesized.  
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Figure 1.2: Secreted melanin granules and extracellular vesicles. 
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hydrodynamic diameter of vesicles and granules. A. i. Hydrodynamic diameter 
(by DLS) of vesicles and granules isolated from H99 grown in MM with L-
DOPA. ii. Representative EM images from two independent experiments showing 
melanin granules (often present as aggregates) and vesicles. B. i. Hydrodynamic 
diameter and ii. EM images from vesicles isolated from laccase, 1,2 knock out 
grown in MM with L-DOPA from a single experiment. C. Hydrodynamic 
diameter and representative EM image of vesicles isolated from H99 grown in 
MM. D. i. Hydrodynamic diameter and ii. EM images of autopolymerized L-
DOPA in MM from a single experiment. The scale bar represents 100 nm.   
 
 
Figure 1.3: Absorbance spectra of vesicles and melanin granules. Melanin 
granules and vesicles collected from H99 grown in MM with L-DOPA (orange) 
has a broadband optical absorption curve which is characteristic of melanin. A 
curve for autopolymerized L-DOPA is apparent in MM (pink), and no such curve 
is visible for vesicles collected from H99 in MM lacking L-DOPA. Data is 
representative of two independent experiments. 
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Sample Dispersity Index 
H99  0.324 
H99 + L-DOPA 0.094 
H99 Lac1, 2 0.093 
L-DOPA  0.676 
Table 1.1: Polydispersity of vesicles and granules. Melanin granules in H99 + 
L-DOPA had very low dispersity, suggesting that the population of melanin 
granules is highly monodispersed. L-DOPA aggregates had the highest dispersity.  
 
Colloidal properties of melanin granules 
We wished to characterize the colloidal properties of melanin granules, so that we 
may optimize buffers that prevent aggregation. In addition, the behavior of 
melanin granules in mono (Na+) and divalent (Ca2+) salt solutions may provide 
insights into the intramolecular interactions of melanin granules. We observed 
that crude pellet of H99 with L-DOPA, that contains melanin granules and 
vesicles, aggregated at >0.01M CaCl2, >0.1M NaCl, >10X PBS (Figure 1.4A-C). 
The result suggests that divalent cations cause the aggregation or fusion event at 
lower concentrations than monovalent cations. This is consistent with studies on 
the phospholipid vesicles and liposomes that have suggested that divalent cations 




Figure 1.4: Concentration dependent aggregation of melanin granules in the 
presence of divalent and monovalent cations. Representative data from two 
independent experiments depicting size distribution of melanin granules and 
vesicles collected from H99 grown in MM and LDOPA in A. 1M, 0.1M, 0.01M 
and B. 0.01M NaCl, CaCl2, and in C. 10X, 1X and 0.1X PBS.  
 
Isolation of melanin granules by density gradient ultracentrifugation 
The pellet from ultracentrifugation of the supernatant from different sample 
cultures contains a mixture of vesicles, protein aggregates and, in the case of H99 
+ L-DOPA, melanin granules. We hypothesized that melanin granules would be 
tightly packed structures with high molecular weight and low volume and could 
be separated from vesicles and protein aggregates by buoyant density. Thus, we 
performed density gradient ultracentrifugation and collected the fractions. We 
observed vesicles from H99 +/- L-DOPA primarily in fractions 1 and 2 under 
TEM (Figure 1.5B). Upon ultracentrifugation of H99 +L-DOPA pellet, melanin 
granules were clearly visible as a dark band in fraction 5, and as aggregated 




Figure 1.4: Density gradient separation of melanin granules from 
extracellular vesicles. A. Representative data from two independent experiments 
depicting an image of Optiprep density gradient ultracentrifugation of vesicles 
collected from H99 and vesicles + granules collected from H99 grown in MM 
with L-DOPA. B. Representative EM images from two independent experiments 
depicting Fractions 1-5 collected from density gradient centrifugation. Melanin 
granules are visible in fraction 5 of H99 + L-DOPA. The scale bar represents 100 
nm.  
 
Chemical and mechanical breaking down melanin “ghosts” 
We hypothesized that the melanin granules found in the supernatant of H99 + L-
DOPA are the unit of melanin found on the cell wall of melanized C. neoformans. 
Thus, we sought to break down the melanin ghosts isolated from the C. 
neoformans (7) by extended ultrasonication and prolonged-acid hydrolysis. We 
found that prolonged hydrolysis (2 weeks) of melanin ghosts resulted in particles 
of about 100-200 nm in size by DLS, while ultrasonication of melanin ghosts 
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resulted in particles of 0-200 nm (Figure 1.6A, iv-vi). An earlier study in 
Casadevall lab (by Rafael Prados-Rosales) had shown that prolonged hydrolysis 
resulted in particles that looked remarkably similar to the melanin granules we 
have isolated under TEM.  
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Figure 1.6: Breaking down the melanin ghosts. A. Representative data from 
two independent experiments depicting Size distribution of melanin ghosts (blue 
line), melanin ghosts upon extended hydrolysis (green line) and melanin granules 
+ vesicles from H99 grown in MM with LDOPA (orange line). B. Ultrasonication 
of melanin ghosts breaks down the melanin isolated from the cell wall of H99 
grown in MM at 12 minutes, data from a single experiment.  
 
Discussion 
In this study, we report the discovery of melanin granules secreted by C. 
neoformans. Melanin granules have a monotonic broadband absorption curve, are 
40-80 nm in hydrodynamic size and aggregate depending on pH and salt 
concentration. Further analysis of the lipids and proteins associated with melanin 
granules will give us valuable insights in fungal melanogenesis and melanin 
structure. Future directions of this work include the characterization of secreted 
melanin granules by high-resolution EM, neutron scattering and NMR analysis to 
compare the structure and composition of melanin granules to the cell wall-
associated melanin or ‘melanin-ghosts’.  
Melanin is an important virulence factor in many fungal pathogens. In 
filamentous fungi such as A. niger, the fungi synthesize the melanin precursor 
molecule called DHN. The importance of melanization of fungi in host-pathogen 
interaction was recently underscored by the discovery of a mammalian C-type 
lectin receptor that recognizes DHN-derived melanin of A. niger (19).  
 17 
In mammalian systems, melanosomes are large organelles (~500 nm) that 
are the site of melanin synthesis, storage and transport. Pioneering EM studies 
classified four stages of melanogenesis in human melanocytes based on their 
morphology (20). Recently, the discovery of melanosomes in filamentous fungi, 
Aspergillus niger and Fonsecaea pedrosoi was reported (21, 22). In A. niger, the 
melanin synthesis enzymes localize in early endosomes that mature into multi-
vesicular-bodies (MVBs) that is transported to the cell-membrane/cell-wall. 
While the study on A. niger suggested that the melanin granules are secreted, the 
authors did not show any evidence of secretion (21).  Interestingly, the size of the 
melanin granules (40-80 nm) is similar to the size of vesicles, further suggesting 
that melanogenesis occurs in vesicles.  
We also observed that the melanin granules secreted by C. neoformans 
have very low dispersity index (Table 1.1). This is consistent with the prevailing 
hypothesis that extracellular vesicles have low dispersity as the size of the 
secreted vesicles would depend on the curvature of the membrane and the 
permissibility of the cell wall of microbial organisms (23). Interestingly, the 
polydispersity of melanin granules increases with increasing salt concentration. 
While prior studies have shown that copper induced aggregation of synthetic 
melanin (24) and salts (divalent cations) cause vesicle fusion (17), we found that 
sodium and calcium cation induced aggregation of melanin granules. At higher 
concentrations, salts may disrupt the intermolecular interactions between water 
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and the hydrophobic and insoluble biopolymer melanin, causing the melanin 
granules to aggregate.  
How C. neoformans forms its melanin coat is still unknown. The 
biosynthetic pathway of melanin formation in C. neoformans has not been 
elucidated. While, the isolation of cell-wall associated melanin as melanin 
‘ghosts’ has allowed us to study the molecular interactions of melanin with cell 
wall and cell membrane (8), and the immunogenicity of melanin particles in 
murine models (6), the protocol for isolation is lengthy, and requires harsh 
treatment and conditions that must compromise the native structure of fungal 
melanin. Subcellular melanosome structures in C. neoformans have not yet been 
described, and the transcriptome studies comparing difference in melanized and 
non-melanized cells have yielded insignificant difference (25). In mammalian 
cells, sucrose density gradient centrifugation and free flow electrophoresis is used 
to separate melanosomes in various stages from subcellular fractions (26). The 
buoyant density of final stage mammalian melanosomes estimated by the density 
of the sucrose (1.8 M) the organelles equilibrate at is approximately 1.22-1.23 
g/cc (26, 27). While our method of Optiprep density gradient ultracentrifugation 
suggests that the density of melanin granules is high (interface of 45%-35% 
Optiprep solution, ~1.195 g/cc-1.215 g/cc), it has been challenging to get an 
accurate measurement of density of melanin granules as the approximation relies 
on spectroscopic correlation (Optiprep absorbs at 340 nm in a concentration 
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dependent manner) and melanin absorbs all wavelengths of visible light (28). 
Furthermore, the granules have been determined to have a greater density than 
bead standards commonly used by Percoll density gradient centrifugation (<1.20 
g/cc, data not shown).  
The isolation and characterization of melanin granules will allow us to 
study the proteins and (potentially) lipids associated with melanin from C. 
neoformans. Since we believe that melanin granules arise from structures that 
were once vesicles, studying the proteins and lipids associated with secreted 
melanin granules will lead to identification of the subcellular machinery involved 
in melanogenesis and interactions required for melanin formation. Furthermore, 
the characterization of the melanin granules from C. neoformans mutants with 
‘leaky melanin’ phenotype will help us understand the anchorage motifs of 
melanin on the cell-wall and cell membrane (13).  
Previous studies have shown that mutant C. neoformans that do not 
produce the pigment cannot cause meningeal disease (29). Thus, studying the 
biosynthetic machinery involved in melanin formation could lead to the 
development of therapies that target fungal melanogenesis, and help control the 




Cell growth and culture conditions 
Frozen stalks of C. neoformans H99 and Double KO Laccase mutant were 
inoculated into Sabouraud broth and incubated at 30C for 48 hours, till the 
cultures reached stationary phase. The cells were counted using a hemocytometer. 
Approximately, 10^7 cells/ ml of were inoculated into minimal medium (10 mM 
MgSO4, 29.3 mM KH2PO4, 13 mM glycine, 3 µM thiamine-HCl, and 15 mM 
dextrose with pH adjusted to 5.5) with and without L-DOPA (100 mM).  As a 
control, C. neoformans were heat killed at 100C for 10 minutes and streaked on 
Sabouraud agar plate to confirm complete cell death. MM (minimal medium) with 
or without L-DOPA, was inoculated with H99, Laccase mutant and heat-killed 
cells and incubated for 10 days at 37C under continuous shaking at 180 RPM.  
 
Isolation of extracellular vesicles (EVs) 
The yeast cells were pelleted at 5,000 RPM Sorvall SLA rotor. The supernatant 
was filtered through a 0.22 µm Millipore filter, and pelleted at 100,000 x g for 1 
hour at 4C, with slow break in Beckman SW28 rotor. The pellet was suspended 
in 0.1X PBS and washed once. Next, the pellet was resuspended in approximately 
500 l of 0.1X PBS and stored in -80C until further analysis.  
 
 21 
Optiprep density gradient centrifugation  
Optiprep solution (60%) dilutions were made in 10mM HEPES, 0.85% NaCl pH 
7.4. The pellet was mixed with undiluted Optiprep to make a 45% solution that 
was layered at the bottom of the gradient. The gradient comprised of 45%, 35%, 
30%, 25%, 15% and 10% layers in the ratio 0.4:3:3:2:1:1. The gradient was spun 
at 50,000 RPM for 10 hours in SW Ti55 rotor to allow the vesicles and granules 
to equilibrate at their respective densities. Ten equal volume fractions were 
collected from each tube. 
 
Transmission Electron Microscopy 
Negative staining was performed at the Johns Hopkins School of Medicine 
Microscopy Core. The fractions from Optiprep density gradients by adsorbing 10 
μL of each fraction to glow-discharged 400 mesh ultra-thin carbon coated grids 
(EMS CF400-CU-UL) for two minutes, followed by 3 quick rinses of TBS and 
stained with 1% uranyl acetate with 0.05% Tylose. Grids were immediately 
observed with a Philips CM120 at 80 kV and images captured with an AMT 
XR80 high-resolution (16-bit) 8 Mpixel camera.   
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Measurement of hydrodynamic radius as a function of salt concentration  
Dynamic light scattering (DLS) techniques gives an estimate of the size and 
heterogeneity of a sample by measuring the fluctuations of scattering light by 
particles in solution. Measurement of vesicle size by DLS was performed in a 
90Plus/BI-MAS Particle Sizing analyzer (Brookhaven Instruments). To examine 
the colloidal properties as a function of salt concentration, 1M, 0.1 M, 0.01 M and 
0.001 M solutions of Sodium Chloride (NaCl) and Calcium Chloride (CaCl2) and 
10X, 1X, 0.1X and 0.01X Phosphate Buffer Saline solutions were used to suspend 
1 l of vesicles/granules in 100 l of the respective salt solution and an the 
average hydrodynamic diameter was obtained from 10 consecutive 
measurements.  
 
Isolation of cell wall-associated melanin or melanin ‘ghost’ 
Melanin was isolated from the cell wall of C. neoformans as detailed in (7). 
Briefly, cells were cultured in MM with L-DOPA for 14 days at 30C, collected 
by centrifugation at 4000 RPM for 5 minutes and washed twice with PBS, the cell 
wall was lysed using lysing enzymes from Trichoderma harzianum, the cells were 
disrupted with a chaotropic salt guanidine thiocyanate, proteins and lipids 
removed by proteinase K digestion and Folch lipid extraction, boiled in 6N HCl 
for 2 hours, dialyzed and lyophilized.  
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Extended hydrolysis of melanin ghost  
The supernatant from the acid hydrolysis step of the extraction of melanin from 
the cell wall of C. neoformans was collected to be analyzed. The melanin ghosts 
were suspended in fresh 6N HCl and allowed to sit for 5 days. The supernatant 
was collected and analyzed. 
 
Sonication of melanin ghost 
Five hundred microliters of a melanin ghost suspension in distilled water (1 mg/ 
ml) was sonicated with a horned sonicator at amplitude 5 for 12 minutes.  
Hydrodynamic radius of the suspension was measured at different time points 




Chapter 2: The Buoyant Cell Density of Cryptococcus 





Cryptococcus neoformans is an environmental pathogenic fungus with a 
worldwide geographical distribution that is responsible for hundreds of thousands 
of human infections each year. During infection, the yeast form undergoes 
multiple morphological transformations impacting cell volume including capsular 
enlargement. To understand the factors that play a role in environmental dispersal 
of C. neoformans and C. gattii in this study, we evaluated the buoyant cell density 
of Cryptococcus by Percoll isopycnic gradients. We found differences in the 
buoyant cell density of strains belonging to C. neoformans and C. gattii species 
complexes, raising the possibility density influenced the environmental dispersal 
of different strains leading to a heterogeneous geographical distribution of the 
strains. The buoyant cell density of C. neoformans strains varied depending on 
growth conditions. In minimal medium, the cryptococcal capsule made a major 
contribution to the buoyant cell density such that cells with larger capsules had 
lower buoyant density than those with smaller capsules. Removing the capsule, 
both by chemical or mechanical methods, decreased the C. neoformans buoyant 
cell density. Melanization of the C. neoformans cell wall, which also contributes 
to virulence, produced a moderate but consistent increase in buoyant cell density. 
Finally, binding of the neutralizing monoclonal antibody IgG1 18b7 to the 
polysaccharide capsule resulted in a concentration-dependent increase in buoyant 
cell density suggesting that binding of capsular antibodies can affect cell density 
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via changes in capsule volume and/or hydration.  The observation that the capsule 
reduces the buoyant density of C. neoformans cells suggests that it contributes to 
enhanced flotation in water, which could facilitate transport and dispersion of this 
organism in aqueous fluids  
 
INTRODUCTION 
Cryptococcus neoformans and gattii species complex are important fungal 
pathogens that can cause pulmonary and serious meningeal disease in humans 
(30). In the environment, C. neoformans is commonly found in soil associated 
with pigeon excreta, while C. gattii is most commonly found on trees (31, 32). 
Cryptococcal infection occurs via the respiratory tract where yeast particulates 
can colonize the lungs (33, 34). In immunocompromised patients, C. neoformans 
can readily disseminate from the lungs to other parts of the body, including the 
central nervous system by crossing the blood brain barrier. The dissemination of 
C. neoformans yeast cells from the lung to the brain is critical in the development 
of meningeal disease. The yeast cells undergo drastic morphological changes-
during this transition that aid its distribution and evasion from host immune 
mechanisms. For instance, yeast dimensions can range from 1 to 100 µm in 
diameter by increasing their cell body and/or growing a thick polysaccharide 
capsule at the cell wall surface in response to immediate environmental 
conditions.  
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The capsule is mostly composed of water (35), and has a porous matrix of 
branched heteropolysaccharides, mainly glucuronoxylomannan, that extends 
radially from the cell wall outpacing cell body growth (36). Capsule synthesis is 
induced under certain stressful conditions, and provides protection against host 
defense mechanisms by acting as a physical barrier, interfering with phagocytosis 
and sequestering Reactive Oxygen Species (ROS) and drugs (37, 38). The capsule 
is essential for causing disease and the target for both therapeutic and diagnostic 
strategies (39).  
Melanin is another important virulence factor, such that strains that lack 
the ability to melanize cannot cause meningitis in mice (39). Melanin is formed 
by the polymerization of aromatic and/or phenolic compounds including L-
DOPA, methyl-DOPA, epinephrine or norepinephrine (40). In the presence of 
catecholamine precursors, including L-DOPA found in the human brain, 
Cryptococcus melanizes its inner cell wall (5). Melanized C. neoformans cells are 
found in the environment (41) and during mammalian infection (42), suggesting 
an important role of the pigment in C. neoformans biology and pathogenesis. In 
fact, melanization protects cells against a variety of host immune mechanisms and 
antifungal drugs, as well as, against radiation, desiccation, ROS, and temperature 
stress (1, 43).  
Both the polysaccharide capsule and melanin are very complex structures 
difficult to study and the application of biophysical methodologies provide new 
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insights into the physicochemical properties and biological functions of these 
major virulence factors (44). One such property that has not been studied in 
Cryptococcal biology is cellular density in liquid cultures and during infection, 
presumably a highly-regulated parameter that may reflects the physiological state 
of the cell under different conditions (45). 
In the first century B.C., Roman writer Vitruvius describes a “Eureka” 
moment that the Greek polymath Archimedes had when, allegedly, he observed 
the displacement of water as he sat in a bathtub, which led him to establish the 
law of buoyancy (46, 47). In a biological context, Archimedes’ law (law of 
buoyancy) can be applied to calculate the ratio of the absolute mass and volume 
of an organism which could determine whether it floats or sinks in a fluid of given 
density. In a continuous Percoll density gradient the cells of a given density 
equilibrate when they reach the same density inside the gradient during 
centrifugation, thus allowing us to estimate buoyant density of C. neoformans and 
C. gattii against bead standards of fixed density.  
Buoyant density can be used for the separation of cell populations but the 
factors regulating buoyant cell density in microbiology remain understudied, 
despite the important role it can play in the migration and dissemination of 
microbial and mammalian cells in fluids. This could be because the buoyant cell 
density may depend on many biological and physical factors, which are often 
difficult to distinguish. Earlier studies found that the buoyant cell density in 
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bacteria may depend on the osmolality of the medium in which the cells are 
grown (48, 49), the encapsulation of bacteria by polysaccharide capsule (50) and 
the stage of cell cycle (51). Interestingly, strains of Porphyromonas gingivalis 
with different buoyant cell densities have different phagocytosis indexes, and vary 
in virulence, such that strains that had lower buoyant density and were highly 
hydrophilic surfaces were less susceptible to phagocytosis (52). Other studies 
have also reported a difference in buoyant density amongst different strains of 
mycobacteria and Burkholderia spp. (53, 54). In the context of eukaryotes, 
Saccharomyces cerevisiae buoyant cell density varies at different stages of cell 
cycle (55), and quiescent S. cerevisiae cell populations can be separated using 
density gradients in a stationary phase culture of the yeast (56). These methods 
have allowed us to create synchronous cultures without perturbation of the cell 
cycles. Intriguingly, the variation of buoyant density during cell cycle is not seen 
in some bacterial (E. Coli) and mammalian cell lines including Chinese Hamster 
Ovary cells and some murine cell lines (57, 58). A recent study measuring the cell 
density with high accuracy at a single cell level using microfluidic devices 
reported that the change in S. serviciae density at G1/S phase requires ATP 
derived energy, TOR function and an active cytoskeleton (59).  
The buoyant cell density (also referred to as cell density) of C. neoformans 
and the factors that affect it have never been reported before to our knowledge.  In 
this study, we use Percoll isopycnic gradients to study the effect of capsule 
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Comparison of Cryptococcus neoformans and C. gattii buoyant cell densities 
The major pathogenic Cryptococcus spp. includes two species complexes 
known as neoformans and gattii (60). The C. neoformans species complex 
includes C. neoformans (serotype D), C. grubii (serotype A) and hybrids 
(serotype AD).  The C. gattii species complex includes serotypes B and C. We 
found that the cell density varied consistently amongst different serotypes of C. 
neoformans and C. gattii species complex strains (Figures 2.1, 2.2). The cells 
were loaded onto a Percoll density gradient and the position at which the cells 
banded was compared to the position of colored bead standards of fixed density 
(Figure 2.1A, 2.2A) to estimate the density of the cells by linear correlation 
(Figure 2.1B, 2.2B.)  The buoyant density of replicates has been plotted as a bar 
histogram that shows the variance of density between different strains of C. 
neoformans (Figure 2.1C) and C. gattii. (Figure 2.2C). There is large variance in 
some replicates (ATCC 2407, Figure 2.1C). In future directions, we want to 
confirm the growth curve of the strains used and confirm that all have reached 
stationary phase at 48 hours in minimal medium. To ascertain whether there was a 
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relationship between the density and cell dimension, we imaged the cells with an 
India-ink counterstain and calculated both the capsule and cell body size for C. 
neoformans (Figure 2.1D) and C. gattii (Figure 2.2D). However, we observed 
that the variation of buoyant density between stains cannot be explained by the 
variation in cell body and capsule size as there is no clear correlation between a 
strain that has larger cell capsule size and its buoyant density. The strains of C. 
neoformans and C. gattii have heterogeneous global distribution, and the 
mechanism of the dispersal are unknown (61, 62). Perhaps the varied density of 
the strains influences the differential dispersal of the fungal pathogen (see chapter 
1 discussion).  
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Figure 2.1: The buoyant cell density of C. neoformans serotypes.  
A. Representative image of two independent Percoll density gradients comparing 
the buoyant density of C. neoformans Serotype A, B, C, D to density bead 
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markers (DBM). B. Representative data from two independent experiments 
depicting the line interpolation of the density factor (min, max) calculated by 
pixel areas as per the formulae (f - a1/f, f - a2/f). The df (min, max) values of the 
density marker beads are used to estimate the buoyant cell density of the cells ran 
in parallel. C. Histogram depicting the difference in buoyant cell density of 
different serotypes of C. neoformans. The experiment was performed twice, as 
indicated by the symbols on the bar graph, the error bar represents the range. D. 
Representative data of Capsule i. and cell body ii. radii of different strains. 
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Figure 2.2: The buoyant cell density of C. gattii varies amongst different 
strains.  
A. Representative image of independent Percoll density gradients comparing the 
density of different strains (Variant Gattii I, II and III) of C. gattii with C. 
neoformans H99 (Serotype A). B. Representative data from two independent 
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experiments depicting a line interpolation of the density factor with the buoyant 
densities of the bead standards as described in Figure 1. C. A histogram depicting 
the higher density of VG I in comparison to VG II, VG III and C. neoformans 
H99. Experiments were performed twice independently, as indicated by the data 
points on the histogram, except for VG III was performed once. The error bar 
represents the range.  D. Representative data depicts i. the capsule radii and ii. the 
cell body radii of different strains of C. gattii and C. neoformans H99.  
 
Effect of capsule induction on C. neoformans buoyant cell density  
Yeast cells with large capsules can be isolated from lungs of mice where 
the capsule serves a protective role by interfering with phagocytosis and 
quenching microbicidal compounds (63). In vitro, the capsule is induced in stress 
conditions such as nutrient starvation medium (64). We found that cells grown in 
minimal medium (MM) had significantly lower density (Figure 2.3A-C) in 
comparison to cells grown in nutrient rich conditions (Sabouraud broth) where the 
capsule was much smaller (Figure 2.3D i). Acapsular strains (cap59) had a 
significantly higher density than encapsulated cells with the same genetic 
background. Furthermore, we observed no significant differences in the density of 
acapsular mutants grown in minimal versus rich medium, confirming the 
contribution of the polysaccharide capsule in determining the cell density in 
response to different nutrient conditions. To examine other factors that may affect 
the buoyancy of cells grown in different conditions, we quantified the neutral 
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lipid content using fluorescence microscopy since lipids have lower buoyancy 
than water. For cells grown in rich medium, we observed higher lipid content by 
quantification of BODIPY neutral lipid staining (Figure 2.3E ii). We also 
observed small dense vacuoles/vesicles in cells grown in Sab, when compared to 
cells grown in MM (Figure 2.3E i). The clear difference in capsule radii of cells 
grown in minimal medium and rich medium suggests that the capsule plays a 
more prominent role in determining the cell density than lipid content.  
Previous studies have studied the molecular composition of the C. 
neoformans capsule by removing the polysaccharide from the cell surface by 
DMSO extraction and gamma irradiation induced capsule shedding (65). To 
confirm the effects of the capsule to buoyant cell density, encapsulated H99 cells 
were treated with gamma radiation and DMSO to remove capsular material 
(Figure 2.4). We observed an increase in cell density when the capsule was 
removed by DMSO extraction, although the difference was not statistically 
significant (p=0.049). The decrease in buoyant density was more dramatic 
following irradiation and a less prominent after DMSO treatment (Figure 2.4A-
C) consistent with the fact that the former treatment is more effective in removing 
the capsule (Figure 2.4D). Thus, the polysaccharide capsule, an essential 
virulence factor, also influences the cell density. Furthermore, buoyant density 
may be used for the separation of different populations of yeast cells (56), to 
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characterize C. neoformans mutants with capsular defects (66) and for the 
isolation of the titan cells (67).  
 38 
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Figure 2.3: Induction of capsule synthesis decreases C. neoformans cell 
buoyant density.  
A. Representative image of independent Percoll density gradients showing the 
density of C. neoformans H99 juxtaposed with acapsular mutant Cap59, both 
grown in rich medium (Sab), minimal medium (MM).  B. Representative data 
from two independent experiments depicting a line interpolation of the density 
factor with the buoyant densities of the bead standards to calculate the buoyant 
cell densities of the gradients run in parallel. C. Histogram depicting a decrease in 
the range of buoyant cell density in H99 cells grown in MM, when compared to 
Sab, possibly due to capsule induction. Cap59 mutant are significantly denser 
than normal H99 cells grown in MM. Experiments were performed in replicates 
independently, as indicated by the data points on the histogram, except for Cap59 
in Sab was performed once as indicated by the symbols on the bar graph, the error 
bar represents the range. D. Representative data depicts i. the capsule radii and ii. 
the cell body radii of different strains C. neoformans H99 grown in different 
medium conditions (MM, Sab). The size of acapsular mutant cap59 mutant was 
not quantified because the yeast cells tend to clump. E. i Bright field images with 
insets of fluorescence microscopy (five fields at equal exposures, 20X) to quantify 
corrected total cell fluorescence (CTFT), ii compares the intracellular neutral lipid 
content (BODIPY binding) in C. neoformans grown in nutrient rich and starvation 
conditions. Data from a single experiment.  
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Figure 2.4: Removal of C. neoformans increases the buoyant cell density. A. i 
Representative image of three independent Percoll density gradients comparing 
the buoyant cell densities of irradiated ( ) and non-irradiated C. neoformans 
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(H99) with a standard of colored uniform density beads. ii Representative image 
of two independent Percoll density gradients of encapsulated C. neoformans H99 
strains before and after DMSO extraction.  B. i, ii Representative data from 
independent experiments depicting a line interpolation of the density factor (df) 
with the buoyant densities of the bead standards, to calculate the buoyant cell 
densities of C. neoformans before and after extraction of the capsule, run in 
parallel. C. A histogram depicting buoyant density of C. neoformans before and 
after capsule extraction by  rays and DMSO. The irradiation experiment was 
performed independently thrice, and the capsular extraction by DMSO twice, as 
indicated by the symbols on the bar graph, the error bar represents the range. D. 
Representative data depicts i. the capsule radii and ii. the cell body radii of C. 
neoformans before and after gamma irradiation capsule shedding.  
 
Antibody binding to the capsule affects C. neoformans buoyant density  
Antibodies against the C. neoformans capsule can protect mice against 
Cryptococcal infection by several mechanisms ranging from immobilization and 
opsonization of yeast cells, to directly altering yeast physiology making it more 
susceptible to antimicrobial stressors (68) . The direct antimicrobial function of 
such protective capsular antibodies may be associated to their ability to change 
capsule structure and viscoelastic properties (69). The binding of antibodies to the 
capsules alters the rate of cell division and budding, and also inhibit GXM release 
(69, 70). The alteration of mechanical properties of the capsule, such as stiffness 
is thought to occur due to antibody mediated antigen aggregation, and 
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crosslinking of polysaccharide molecules which is supported by data from light 
scattering experiments (69). Since our study found that the polysaccharide capsule 
is a major contributor to cell density of C. neoformans, and antibody binding 
alters the biomechanical properties of the capsule we were interested in studying 
the effect of antibody binding on buoyant cell density of the yeast. We observed 
that the antibody 18B7 (71) tends to increase the cell density in a concentration-
dependent manner, although this difference is not statistically significant, while 
another protective antibody IgG1 E1 (72), despite effective capsular binding, does 
not seem to have an effect on the buoyant cell density (Figure 2.5C). 
Understanding of antibody mediated immunity is ever expanding with renewed 
efforts to understand the mechanisms of their protection (73). The effect of 18B7 
on the density of C. neoformans may lead to novel insights into the protective 
function of antibody. 
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Figure 2.5: Effect of capsule binding antibody on C. neoformans buoyant 
density.  A. Representative image of independent Percoll Density Gradient of 
H99 strain encapsulated C. neoformans cells incubated (1 hour, at 30°C) at 
different concentrations of antibody 18B7, E1 and highest concentration of 
irrelevant antibody (IgG2 anti rat) which has been compared density bead 
standards ranging from low to high density. B. Representative data from two 
independent experiments depicting a line interpolation of the density factor with 
the buoyant density of the cells treated with i. 18B7 ii. E1 antibodies. C. 
Histogram of the interpolated buoyant densities of H99 C. neoformans incubated 
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with 18B7 antibody showing a concentration dependent increases while those 
incubated with E1 antibody shows a slight decrease in the buoyant cell density, 
which seems to be independent of the concentration, when compared to the 
buoyant cell density of C. neoformans incubated with an irrelevant antibody. The 
experiment was performed independently twice, as indicated by the symbols on 
the bar graph, the error bar represents the range. 
 
Melanization increases C. neoformans buoyant density  
Comparison of melanized and non-melanized H99 C. neoformans cells 
demonstrated that melanization was associated with a slight increase on cell 
density (Figure 2.6A-C). Since the increase in the buoyant density was small, and 
melanized culture (black) can easily be distinguished visually from non-
melanized cultures (white), we mixed the melanized and non-melanized cells in 
1:1 ratio before loading the samples onto the density gradient (Figure 2.6A-C). 
We observed that non-melanized C. neoformans cells displayed a range of density 
that overlapped with the range of density estimated for melanized cells, although 
melanized cells tend to have slightly higher density when compared to non-
melanized cells.  Melanin ghosts had much greater density than cells, estimated to 
be > 1.1 g/cc. (data not shown).  Despite this much greater density cellular 
melanization had only a small effect on cell buoyant density  given that melanin 
comprises approximately only 15.4% mass of melanized cells (7). Note that 
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melanized cells also exhibit smaller capsules (Figure 2.6D), which may also 
synergize with melanin to decrease buoyant cell density.  
 
Figure 2.6: Effect of Melanization on C. neoformans buoyant cell density. A. 
Representative Percoll density gradients comparing the density of H99 in MM, 
H99 in MM with L-DOPA (mel) and a 1:1 mixture of the cells. The white cells 
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(H99) band slightly above the melanized black cells (mel) as can be seen by the 
gradient that contains the mixture. B. Representative data from two independent 
experiments depicting a line interpolation of the density factor with the buoyant 
densities of the bead standards, to calculate the buoyant cell densities of the 
gradients run in parallel. C. A histogram depicting an increase in buoyant cell 
density of melanized C. neoformans, which is not significant. The experiment was 
performed independently twice, as indicated by the symbols on the bar graph, the 
error bar represents the range.  D. Representative data depicts i. the capsule radii 
and ii. the cell body radii of melanized and non-melanized C. neoformans.  
 
Other conditions that have no significant effect on C. neoformans buoyant 
cell density 
Treatment of H99 C. neoformans with complement, different concentrations of 
salts to induce osmotic stress, 6D2 antibody to melanin and incubation in lipid 
rich medium had no significant impact on the buoyant cell density of C. 
neoformans (data not shown, experiments were performed once). 
 
DISCUSSIONS 
In this study, we characterized the buoyant cell density of C. neoformans 
and C. gattii in different conditions, seeking to understand the factors that 
contribute to the buoyant density. We report minor differences in buoyant 
densities between serotypes of the cryptococcal species complex that reflects the 
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genomic and antigenic differences between strains as an important biophysical 
parameter. Our results also suggest that the capsule plays a major role in 
decreasing the buoyant cell density of the yeast such that the density is close to 
that of water. Meanwhile, melanization increases the density slightly. Changes in 
buoyancy could influence the transmission of the yeast in the environment, and 
dissemination of the fungal pathogen during infection. Interestingly, the binding 
of certain capsular antibodies (18B7) seems to increase the cell density. While we 
see definite trends in our data, in our future work we want to confirm these results 
with more replicates. The total lipid content of cells can also be determined by 
Thin Layer Chromatography, which will allow us to compare the extracted lipid 
content from equal number of cells grown in nutrient rich and starvation 
conditions. We expect to find that the cells grown in rich media (Sab) would a 
higher lipid content than cells grown in minimal medium.  
  The buoyant density of a microbe is a fundamental biophysical property 
that influences its behavior in aqueous fluids.  Depending on its density, a 
microbe could remain suspended in a fluid or settle to the bottom. Amongst other 
factors, this could influence the microbe’s access to nutrients, sunlight and 
oxygen. Thus, it is not surprising that marine and freshwater unicellular 
organisms including phytoplankton, regulate their cell density via mechanisms 
that involve the synthesis and storage of gas vacuoles, polysaccharide mucilage 
sheaths, and glycogen (74). Interestingly, the polysaccharide mucilage sheath of 
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these bacteria has been characterized as an important factor that decreases the 
density of the cell to just below the density of water (75). Our data demonstrates 
that the cryptococcal capsules both serves a similar function by increasing the 
volume of the yeast cell without significantly increasing its mass and thereby 
decreasing the density. 
Cryptococcus gattii have been isolated from marine and fresh water 
environments (76, 77). We found that the density of encapsulated C. neoformans 
is close to that of water (1.00 g/cc). A quantitative parameter used to determine 
how fast a population of microbial cells sinks in a fluid of given density is the 
settling velocity, which is calculated by the Stoke’s law and depends on the 
buoyant density and the size (diameter) for a spherical object such as a yeast cell 
(74, 78). In marine bacteria, low cell density (< 1.064 g/cc) correlates with low 
settling velocity  as calculated by Stoke’s law (79). The variable size of C. 
neoformans grown in minimal medium (3-16 m) and the density (< 1.05 g/cc) 
we observed during nutrient starvation conditions in an aqueous environment 
suggests that the settling velocity of C. neoformans would be similarly low. More 
importantly, the encapsulated C. neoformans cells would have a lower settling 
velocity when compared to similar-sized cells that have no capsule due to the 
decrease in density.  
We hypothesize that this may influence mobility allowing the yeast to 
flow horizontally in aqueous environment to access (80) nutrients, oxygen and 
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disperse the pathogen (81). For instance, a study found that a C. gattii clinical 
isolate survived well in filtered ocean water, distilled water and saline water (up-
to 10% of initial inoculum) at room temperature up to 94 days (82). The 
resistance of Cryptococcus to different levels of osmotic stress is consistent with 
our observations that high salt concentrations do not alter the cell density. Thus, 
in the context of environmental fungal pathogens C. neoformans and gattii, the 
cell density could play an important role in determining the dispersal of the yeast 
in the environment and affect its ability to infect a wide range of hosts. Estimating 
the settling velocity of microbial cells in aqueous fluids will add weight to the 
hypothesis that the buoyant density of C. neoformans and C. gattii influences 
environmental dispersal. We are currently optimizing a method to calculate the 
settling velocity of C. neoformans and C. gattii.  
C. neoformans infects lungs via infectious propagules and after infection 
can reside in granulomas. In immunocompetent individuals, the immune system is 
able to control this yeast infection. However, if the host is immunocompromised, 
the yeast can disseminate to the brain where it causes life-threatening meningitis. 
Presumably, this multistep process requires the pathogen to travel into the 
draining lymph node and into fluidic blood and lymph systems to survive and 
grow outside the lungs. Could the density of C. neoformans is likely to influence 
the movement of the yeast cells in these fluids? Interestingly two of the major 
virulence factors, melanin (increases) and capsule (decreases), affect the cell 
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density of C. neoformans, although the effect of melanin was small effect relative 
to that of the capsule and any contribution of pigment was obscured by smaller 
capsules. Murine models of infections have shown that host defense mechanism 
induce larger capsules in C. neoformans found in the lungs, with an approximate 
size of 20.0 ± 6.1 μm (83). This can also be replicated in-vitro by growing the 
cells in nutrient starvation conditions (64). We found that the presence of the 
capsule, and its size could play a role in regulating the cell density of the yeast. 
This could potentially affect the phagocytosis of the pathogen and the way the 
yeast is disseminated in vivo.  Interestingly, the C. neoformans isolated from the 
brain is often smaller and has a smaller capsule (83). The enzyme laccase is a 
polyphenol oxidase that oxidizes melanin precursors such as L-DOPA to form 
melanin. C. neoformans that are deficient in laccase are unable to melanize and 
are not able to disseminate from the pulmonary tissues to the brain (84) but 
intravenously injected mutant yeasts are able to survive and cause infection in the 
brain, suggesting a role of laccase or melanin in facilitating lung escape. Although 
the contribution of melanin to overall cell density is small, it is conceivable that it 
could influence dissemination of the yeast in some circumstances, especially 
when capsules are small. 
Capsular antibodies can mediate protection against C. neoformans (71). 
These antibodies bind to the capsule and promote phagocytosis by innate immune 
cells. Previous studies have shown that capsular antibodies alter the rigidity 
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(Young’s modulus) and structure of the capsule (69). Antibody binding also 
causes a change in the hydration state of the PS capsule (85). We found that the 
capsule-binding antibody 18B7 increases the cell density of the cells in a 
concentration-dependent manner. Although the mechanism for antibody mediated 
reduction in density is unknown, it is likely that changes in capsule structure 
resulting from antibody mediated cross-linking of polysaccharide molecules that 
affect capsule hydration levels and volume, as has been previously described (69, 
85). Interestingly, the observed increase in density due antibody 18B7 was not 
seen in another opsonic capsular antibody (E1). The finding that antibody 18B7 
tended to increase density, together with promoting agglutination (71, 86), could 
conceivably reduce transportability in body fluids and thus effect dissemination. 
However, we currently lack the mechanistic understanding of the effects of a 
pathogen’s buoyancy on its movement in viscous fluids such as blood. Thus, the 
influence of density of a pathogen in dissemination during the course of infection 
remains to be explored. 
In summary, we determined the density of C. neoformans grown in 
minimal medium to be slightly greater than that of water. The presence of a 
capsule reduced the density such that it approached that of water. Hence, the 
capsule, by reducing density, also reduces the settling velocity of C. neoformans 
in aqueous solutions, which could favor environmental dispersal.  The 
establishment of C. gattii in the Pacific Northwest is reported to have occurred 
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relatively recently (87).  Although the means by which this organism reached 
North America are unknown the fact that it has been recovered from marine 
environments (82) together with our finding of a low density of yeast cells 
indicating a propensity of the pathogen to float suggest that sea currents could 
have transported C. gattii between continents.  The observation that the 
polysaccharide capsule makes a large contribution to reducing density suggests a 
new role for this structure in the environment as an aid to cell dispersal and 
transport in aqueous fluids.  
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MATERIALS AND METHODS 
 
Yeast culture 
Frozen stocks of C. neoformans and gattii strains were inoculated into Sabouraud 
agar rich medium (pH adjusted to 7.4) at 30°C for 48 hours. Yeast cultures of C. 
neoformans included Serotype A strain H99 (American Type Culture Collection 
(ATCC) 208821), Serotype B strains NIH 191 and NIH 444 (ATCC 32609), 
Serotype C strain 106.93, Serotype strains D ATCC 24067 and B-3501 (ATCC 
34873), and Serotype AD strain MAS92-203 and Cryptococcus gattii included 
variants I, II and III. Acapsular mutants from Cryptococcus neoformans cultured 
included Cap59 (Background H99, serotype A) and Caps67 (Background B3501, 
Serotype B). Approximately 106 cells from the stationary phase cultures in 
Sabouraud broth were washed twice in Minimal Medium (10 mM MgSO4, 29.3 
mM KH2PO4, 13 mM glycine, 3 µM thiamine-HCl, and 15 mM dextrose with pH 
adjusted to 5.5). The washed cells were inoculated into Minimal Medium (MM) 
for capsule induction, MM with L-DOPA (100 mM) to induce melanization, and 
Sabouraud broth for providing rich medium conditions. Cells were incubated at 
37°C for 48 hours, rotating at 180 RPM. Cells were washed twice with sterile 
PBS (Phosphate Buffer Saline), centrifuging them for 5 minutes at 4700 x g. Cells 
were counted using a hemocytometer, and dilutions were made to obtain 1 X 107 
 54 
cells in PBS. The cells were then loaded onto Percoll Density gradients with or 
without treatments to test the effect of different conditions on the buoyant cell 
density. 
 
Density gradient centrifugation 
Percoll is a non-toxic and isotonic alternative to the commonly used sucrose 
gradient, and is composed of polyvinylpyrrolidone coated colloidal silica particles 
(88). Percoll has found applications for separation of mammalian blood, tumor, 
immune and endothelial cells, and microbial cells due to its ability to form 
reproducible self-generated continuous gradients (89).  Stock Isotonic Percoll 
(SIP) was obtained by added 1 part of 1.5 M NaCl to 9 parts of Percoll. The 
working solution of 70% (v/v) was obtained by diluting SIP with 0.15 M NaCl, to 
a final density of 1.0914 g/ml. Three milliliters of this solution were loaded into 
polycarbonate ultracentrifuge tubes (13 X 51 mm). Approximately, 107 cells were 
pelleted at 4700 x g and over layered directly or after treatment. All gradients 
were run in parallel with a standard tube.  
For the preparation of the standard tube, 10 µl of each uniform density bead 
standard (Cospheric DMB kit) including light orange (ORGPMS-1.00 250-
300um, density 1.00 g/cc), fluorescent green (1.02 g/cc), florescent orange (1.04 
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g/cc), florescent violet (1.06 g/cc), dark blue (1.08) and florescent red (1.099 
g/cc), was loaded and mixed with the Percoll.  
By varying time and speed of centrifugation, it was found that the most optimal 
separation of the density gradient beads, which was taken as an indication for the 
most optimal continuous density gradient formed, occurred at 40,000 RPM for 30 
minutes (acceleration 9, deceleration 0), in TLA 100.3 fixed angle rotor in Optima 
TLX tabletop ultracentrifuge.  
 
Buoyant cell density estimation   
First, the images of the density gradient were taken under uniform light and 
shadow conditions using Nikon D3000 DSLR, Auto settings. Next, pixel area 
measurements were taken from the bottom of the tube, to the area at the beginning 
of each band (a1), ranging to the end of each band (a2), to the upper meniscus of 
the tube (f). The density factor, Df (min, max), and the average along with the 









A standard curve was derived, where Df (min, max) and buoyant density (g/l) of 
the density marker beads were computed by linear regression. A 95% confidence 
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interval was used to interpolate the mean density of sample cells, around a 
standard deviation, run in parallel with the uniform density bead standards.   
Although, the results from different Percoll gradient runs follow the same trend, 
the exact density values can vary considerably. This can be attributed to pipetting 
errors or errors in measurement of density factor.  
 
Gamma irradiation of cells for capsule removal 
Approximately 109 cells of melanized and non-melanized cells were plated on a 
24-well plate. The cells were irradiated to a total dose of 1500 Gy, using Shepherd 
Mark 1 at the SKCCC Experimental Irradiator Core at Johns Hopkins University 
Sidney Kimmel Comprehensive Cancer Center. Cells were washed twice in PBS 
and approximately 107 cells were pelleted at 4700 x g and loaded onto the 
gradient.  
 
DMSO Extraction of C. neoformans capsule 
Approximately 107 cells were incubated in 15 ml of DMSO at 30C for 30 
minutes to allow capsule extraction. The cells were washed thrice in 1X PBS, 
pelleted and loaded onto the Percoll density gradient.  
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Antibody Coating of C. neoformans capsule 
Purified antibodies, 18B7 and E1 (kindly provided by the Dromer’s laboratory), 
were obtained from stock solutions kept at 4°C. The antibodies were serially 
diluted in PBS to concentrations of 20µg, 10µg, 1 µg and 0.1 µg/ml. A pellet of 
107 cells was suspended with 1 ml of each Ab solution in Eppendorf tubes, 
vortexed and incubated at 28°C on a rotating mixer, for 1 hour.  
 
C. neoformans melanization 
Frozen stalks of C. neoformans H99 was inoculated into Sabouraud broth and 
incubated at 30C for 48 hours, till the cultures reached stationary phase. The 
cells were counted using a hemocytometer. 10^6 cells/ml of were inoculated into 
minimal medium (10 mM MgSO4, 29.3 mM KH2PO4, 13 mM glycine, 3 µM 
thiamine-HCl, and 15 mM dextrose with pH adjusted to 5.5) with and without L-
DOPA (100 mM). The cells were cultured for 10 days at 30C rotating at 180 
RPM. The cells were washed twice in PBS, and 10^7 cells were pelleted at 47000 
x g loaded of melanized, non-melanized and 1:1 mixture of the cells was loaded 
onto the gradient.   Melanin ghosts were prepared as described (7).  
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Mouse complement deposition in C. neoformans 
Frozen stocks of guinea pig complement (1 mg/ml) were thawed. 50% (500 g/ml), 
20%, 10% and 1% dilutions with PBS was added a pellet of 107 cells. The cells 
were incubated with complement for approximately 1 hour at 28°C in a rotating-
mixer.  
 
Providing C. neoformans with osmotic stress 
C. neoformans (approximately 108 cells) were incubated with 1 ml of 10X PBS, 
1X PBS, 0.1X PBS and ultrapure distilled water (MilliQ) for 2 hours in 30 
rotating-mixer at 28°C.  
 
Visualization and estimation of intracellular lipid content 
C. neoformans cells were grown for the indicated times and then stained with 
BODIPY 493/503 (1:200) for 30 min and 0.01% Uvitex 2B for 10 min at room 
temperature and washed twice with PBS prior to visualization by microscopy. The 
lipid content was estimated by calculating the corrected total cell fluorescence: 




Cell imaging and yeast size measurements  
The cells were visualized and imaged with India Ink negative staining under 
Olympus AX70 Microscope at 20X magnification. The capsule and cell body size 
was estimated using an automated measurement Python software (90).  
 
Statistical analysis  
All statistical analysis was performed on GraphPad Prism 7.0 software. The 
density of cells was estimated by using making a standard curve from beads of 
different densities using linear regression to estimate the unknown values of a 
given sample with a 95% confidence interval. One-way ANOVA statistics using a 
Kruskall-Wallis non-parametric test was used to compare the differences among 
groups with a 95% confidence interval in all experiments. Student t-test was used 




Buoyancy is a concept of historical importance. The question is why? If 
we are to believe the fable of Archimedes, the king wanted to know if his crown 
was made of authentic or counterfeit gold. Specific gravity, the ratio of the 
density of a substance to that of a standard, was an easily measurable physical 
parameter that allowed Archimedes to distinguish pure gold from other metals.  
Today, we have developed tools to exploit the intrinsic property of 
buoyant density to separate cells, organelles, extracellular vesicles, proteins, lipids 
and DNA. As our lab started investigating the buoyant density of C. neoformans, 
a prominent question emerged. Is the buoyant density an incidental consequence 
of the biomolecular assemblies and thermodynamic stability of a cell? Or is it a 
highly regulated biophysical parameter that plays a role in cell survival?  
In the context of C. neoformans, studies on Titan cells (>10 m) have 
shown the role of simple physical parameters like cell size in the pathogenesis. 
Could the buoyant density of other microbial pathogens also play a role in 
pathogenesis? While we believe this is an important question to ask, it is a 
challenging question to answer. Our study shows that the capsule plays an 
important role in determining the cell density of C. neoformans. However, the 
capsule is also an essential virulence factor that acts as a physical barrier and 
protects the yeast from host defense mechanisms like ROS, antifungals etc. This 
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makes it difficult to tease apart the capsule’s effect on buoyant density from its 
other immunosuppressive roles during infection.  
  Possibly due to these limitations, cell density of microbial organisms 
remains understudied. More recently the development of microfluidic systems 
have made it possible to measure single cell density (45, 91) and advanced the 
field by allowing us to measure the biophysical parameter with high accuracy 
(0.001 g/ml).   
In the emerging field of extracellular vesicles, the low buoyancy of 
extracellular vesicles (>1.1 g/cc) allows us to separate them from other 
components present in the medium, including secreted proteins, protein 
aggregates and cell debris (92). The high buoyant density of melanin granules 
secreted by C. neoformans allowed us to separate them from the less dense 
extracellular vesicles.  Thus, the biophysical property (density) of the melanin 
granules has allowed us to isolate secreted melanin from a microorganism for the 
very first time.  
The supramolecular assembly of DOPA melanin in biological systems 
remains a mystery to this date. One of the major challenges has been the 
limitations in isolating native melanin granules from vertebrates and scuttle-fish, 
organisms whose melanin structures have been most extensively studied (93). In 
these organisms, melanin granules occur in agglomerated structures, and using 
mechanical or chemical means to disrupt the intermolecular forces that hold the 
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granules together compromises the native structure (94). Thus, studying the 
biophysical and structural characteristics of melanin granules in its native form 
secreted by C. neoformans will provide valuable insights to the melanin field.  
Furthermore, the characterization melanin granules from C. neoformans 
may find a wide range of applications. For instance, the IgM 6D2, an antibody 
that has been made against “melanin-ghosts” isolated from C. neoformans (95) 
has proven to be a useful tool in melanin studies and in the development of 
immunotherapies. Given their ease of isolation in native state, studies on the 
immunogenicity of secreted melanin granules may give us an opportunity to 
create more effective antibodies against this cryptococcal antigen. Furthermore, 
fungal systems provide scalable opportunities to optimize the production of 
melanin granules/nanoparticles that already find a wide range of application in 
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